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Abstract

The myeloproliferative neoplasms (MPN), polycythaemia vera (PV), essential thrombocythemia (ET) and primary
myelofibrosis (PMF) are linked by a propensity to thrombosis formation and a risk of leukaemic transformation. Activa-
tion of cytokine independent signalling through the JAK/STAT cascade is a feature of these disorders. A point muta-
tion in exon 14 of the JAK2 gene resulting in the formation of the JAK2 V617F transcript occurs in 95% of PV patients
and around 50% of ET and PMF patients driving constitutive activation of the JAK/STAT pathway. Mutations in CALR or
MPL are present as driving mutations in the majority of remaining ET and PMF patients. Ruxolitinib is a tyrosine kinase
inhibitor which inhibits JAKT and JAK2. It is approved for use in intermediate and high risk PMF, and in PV patients
who are resistant or intolerant to hydroxycarbamide. In randomised controlled trials it has demonstrated efficacy in
spleen volume reduction and symptom burden reduction with a moderate improvement in overall survival in PMF. In
PV, there is demonstrated benefit in haematocrit control and spleen volume. Despite these benefits, there is limited
impact to induce complete haematological remission with normalisation of blood counts, reduce the mutant allele
burden or reverse bone marrow fibrosis. Clonal evolution has been observed on ruxolitinib therapy and transforma-
tion to acute leukaemia can still occur. This review will concentrate on understanding the clinical and molecular
effects of ruxolitinib in MPN. We will focus on understanding the limitations of JAK inhibition and the challenges to
improving therapeutic efficacy in these disorders. We will explore the demonstrated benefits and disadvantages of
ruxolitinib in the clinic, the role of genomic and clonal variability in pathogenesis and response to JAK inhibition, epi-
genetic changes which impact on response to therapy, the role of DNA damage and the role of inflammation in these
disorders. Finally, we will summarise the future prospects for improving therapy in MPN in the JAK inhibition era.
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Background

Myeloproliferative diseases were first described by
Dameshek in the 1950’s by linking high blood counts
and disease phenotypes [1]. Since then, the World
Health Organisation (WHO) has defined polycythae-
mia vera (PV), essential thrombocythemia (ET), pri-
mary myelofibrosis (PMF) and pre-fibrotic PMF as
the most common Philadelphia chromosome negative
myeloproliferative neoplasms (MPN) [2]. The poly-
clonal proliferation of myeloid cells in normal health
is replaced by an abnormal monoclonal proliferation
resulting in an overproduction of red blood cells in PV,
platelets in ET and bone marrow fibrosis in PMF. There
are common phenotypic characteristics, with a predis-
position to thromboembolic and haemorrhagic pathol-
ogies and a risk of progression to myelofibrosis (MF) or
leukaemic/blast phase transformation.

A point mutation in exon 14 of the JAK2 gene result-
ing in the formation of the JAK2 V617F transcript and
conformational shift of the resulting JH2 pseudo-kinase
domain of JAK2 drives constitutive activation of the
JAK/STAT pathway. This is identified in approximately
95% of PV cases and around 50% of ET and PMF cases
[3, 4]. The remaining 5% of PV patients are almost
entirely accounted for by mutations in exon 12 of the
JAK2 gene. The majority of remaining ET and PMF
cases have JAK/STAT activation resulting from driving
mutations in CALR or MPL genes [5-7]. A small num-
ber of ET and PMF cases are “triple negative” [8].

The introduction of targeted JAK inhibition (JAKi)
within the last decade has brought an element of preci-
sion medicine and an attempt at disease modification
to the MPN field. Ruxolitinib (RUX) is a JAK1/JAK2
inhibitor which has been approved by the US Food and
Drug Agency and European Medicines Agency for the
treatment of intermediate and high risk MF and second
line for PV patients resistant or intolerant to hydroxy-
carbamide (HU).

This review will concentrate on understanding the
molecular aspects and epigenetic dysregulation impact-
ing on the clinical effects of RUX in MPN. Understand-
ing the limitations of JAKi at a genomic and cellular
level highlight the challenges to improving therapeu-
tic options in MPN. We will explore the demonstrated
benefits and disadvantages of RUX in the clinic and the
role that genomic changes, clonal variability and epi-
genetics have in pathogenesis of MPN and response to
JAKi. We will also consider how JAKi interacts with the
role of DNA damage and inflammation in these disor-
ders. Improving therapy in MPN in the JAKi era is an
unmet need and we will summarise future prospects.
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JAK inhibition in the clinic

RUX has demonstrated efficacy in spleen volume
reduction and symptom burden reduction when com-
pared against best available therapy (BAT) or placebo
in intermediate or high risk MF [9-14]. There is a rapid
recurrence of symptoms evident in MF patients on dis-
ease interruption [9]. Improved overall survival (OS)
was also observed in the initial phase 3 studies. A com-
bined analysis of the COMFORT-I AND COMFORT-
II studies demonstrated a 30% risk reduction of death
and a significant survival advantage in those originally
randomised to RUX in comparison to those crossing
over [15]. However, the nature of early cross-over from
BAT or placebo to RUX in the control arm and insuffi-
cient power to assess the survival benefit mean that the
impact on OS has been questioned by some [16, 17]. In
PV, improved haematocrit control and spleen volume
reduction have been demonstrated in comparison to
best available therapy [18-21]. The only randomised
control trial undertaken comparing RUX to best avail-
able therapy in ET did not show any benefit as second
line therapy in patients intolerant or resistant to HU
[22]. An earlier phase 2 study of RUX in ET did sug-
gest an improvement in symptom burden in the same
second line setting, but did not include a control arm
[23]. Table 1 summarises the findings of the key clinical
trials undertaken to date.

The efficacy of RUX is variable across the MPN phe-
notype with clear benefits for selected patients. Despite
the direct targeting of the JAK/STAT signalling it is
limited as a true disease modifying therapy. As dem-
onstrated in Table 1 reductions in mutant allele bur-
den are minimal to moderate yet are often sustained
on therapy. Transformations to both secondary MF and
acute leukaemia have both been observed on ruxoli-
tinib therapy with no studies with adequate follow-up
or statistical power to determine if there is any devia-
tion in frequency from this aspect of disease course.
There is a suggestion of lower rates of thrombosis in
the RESPONSE trials although statistical power is again
an issue [20]. In MF, sustained RUX therapy appears
to improve the odds of stabilisation of bone marrow
fibrosis and reduce the chance of worsening fibrosis in
a number of patients but does not bring about any sig-
nificant reversal [24]. Allogeneic haematopoietic stem
cell transplantation offers the only possibility of dis-
ease modification and cure. However, the majority of
patients will not be considered suitable for this due to
the associated toxicities.
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Genomic impacts on pathogenesis and JAK inhibition
efficacy

Constitutive activation of the JAK/STAT signalling
pathway is key to the development of the MPN phe-
notype in all mutant backgrounds. Regardless of clini-
cal phenotype or somatic mutation status, all MPN
patients show a characteristic gene expression signature
resulting from JAK/STAT activation [8]. JAK2 V617F
mutations can drive a spectrum of disease across the
PV, ET or PMF phenotypes through activation of eryth-
ropoietin receptor (EPOR), thrombopoietin recep-
tor (MPL) and granulocyte-colony stimulating factor
receptor (G-CSFR) receptors present on differing stages
of a maturing myeloid cell. JAK2 exon 12 mutations
drive a predominant erythrocytosis possibly through
predominant activation of EPOR signalling pathways.
Clonal dominance of homozygosity or heterozygosity
of JAK2 V617F, the presence and order of acquisition of
co-operating mutations and additional factors such as
iron deficiency and gender can impact on the resulting
phenotype [25]. CALR and MPL mutations result in an
ET or PMF phenotype through activation of the MPL
receptor [26]. All drivers appear to be largely mutually
exclusive of each other although bi-clonal disease can
occur [27]. JAK2, CALR, MPL mutations are sufficient
in themselves to produce an MPN phenotype in murine
models although these are often polyclonal in nature
thus not entirely representative of a true MPN [28].
JAK2 V617F and CALR mutations are detectable in the
long term haematopoietic stem cell (LT-HSC) popula-
tion and in all maturing stages of the haematopoietic
hierarchy [6, 29]. This persistence of a MPN stem cell
population can explain relapse of MF post allogeneic
transplant. LT-HSC cells within the marrow are critical
for initiation and maintaining the disease process [30].
Yet, these JAK2 V617F LT-HSC population appear to
exhibit reduced self-renewal and are skewed towards
expansion of the progenitor pool instead [31]. In
murine models of JAK2 V617F MPN this defective self-
renewal of LT-HSCs is rescued by acquisition of a con-
current TET2 mutation [32]. Given the heterogeneity in
normal haematopoietic stem cells, the original bias of
the stem cell acquiring the driver mutation may impact
on disease progression and phenotype [33].

A range of genes are repeatedly found to be mutated
in MPN and across the spectrum of myeloid disorders.
These co-operating oncogenic mutations found along-
side the driver mutations include genes involved in cell
signalling pathways (LNK, CBL, NRAS and NF1), epige-
netic regulation (ASXLI, EZH2, TET2, DNMT3A, IDHI
and IDH?2), transcriptional regulation (TP53, RUNX1I)
and mRNA processing (SF3BI, SRSF2, U2AF1, ZRSR2).
Using targeted next generation sequencing (NGS) of
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104 cancer-related genes on 197 MPN patients, approxi-
mately 10% of patients had no mutation detectable in
any of the genes analyzed and 54% had mutations only in
JAK2 V617F or CALR. The remaining 36% had additional
mutations detected, other than JAK2 V617F or CALR.
Most of these were mutations affecting genes implicated
in epigenetic regulation [27]. Figure 1 shows a chart rep-
resenting the relative proportions of driver mutations
and additional mutations detectable in PV, ET and PMF
[34, 35]. These genes may occur concurrently within
clones containing the driver mutation, in sub-clones
without the driver mutation and at different levels of the
haematopoietic cell hierarchy and impact on phenotype
and prognosis [27].

Understanding the impact of this genomic complex-
ity and clonal evolution on the MPN phenotype, patho-
genesis and response to JAKi is critical to improving our
therapeutic approach.

JAK2V617F, CALR and MPL exon 10

At the driver gene level for instance, the presence of the
JAK2 V617F mutation results in a higher thrombotic risk
in ET and PMF compared to JAK2 negative cases [36].
Gene expression patterns consistent with JAK/STAT acti-
vation are also more evident patients with allele ampli-
fication [8]. Homozygosity or higher JAK2 V617F allele
burden has been suggested to emphasise the PV pheno-
type with a higher haematocrit and greater rate of fibrotic
transformation observed [37]. Yet, homozygosity for
JAK2 V617F is a commonly occurring event in MPN and
can be seen in patients with a PV, ET or PMF phenotype
whilst the same is true for heterozygotes. JAK2 V617F is
also detectable in patients without overt haematological
malignancy phenotypes, the so termed “clonal haemat-
opoiesis of indeterminate potential” (CHIP). Indeed, esti-
mates of JAK2 mutation prevalence are higher in CHIP
than in MPN [38, 39]. This is suggestive that additional
changes are required for a MPN phenotype to develop.
There is inconclusive evidence that the allele burden of
JAK2 V617F impacts on thrombosis risk with conflicting
evidence of effect in a number of studies [40]. A unique
cohort of patients with splanchnic vein thrombosis and
underlying JAK2 V617F positive mutant clones tend
towards a lower allele burden [41]. In CHIP the pres-
ence of mutated JAK2 results in a significantly increased
coronary artery disease risk despite the absence of the
MPN blood phenotype [42]. It is therefore clear that the
presence of mutant JAK2 V617F plays a critical role in
increasing thrombotic risk. This thrombosis risk appears
to be mediated in part by viscosity from increased haema-
tocrit, in part by increased binding to endothelial laminin
as a result of an JAK2 V617F driven activation of Lu/
BCAM [43] and from increased neutrophil extracellular
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Fig. 1 aThis demonstrates the relative proportions of driver gene mutation observed in each MPN phenotype. b This demonstrates the proportion
of patients with each MPN phenotype with a mutations in a panel of genes commonly mutated in myeloid malignancy. Frequency of mutations

trap formation [44]. It is not clearly related to an increas-
ing burden of JAK2 V617F clonal cells present.

RUX has demonstrated a limited impact on the allele
burden of mutant JAK2 in the clinical trials to date in
PV and PMF but not ET. COMFORT-II demonstrated a
reduction in allele burden of greater than 20% in 38.3%
of RUX treated MF patients at 168 weeks [14]. In PV,
post hoc analysis of the RESPONSE trial at 208 weeks
has shown a clear and progressive reduction in JAK2
V617F allele burden with continued treatment with aver-
age reductions of around one-third achieved in the RUX
randomised arm [45]. However, correlations with haema-
tological parameters of disease (haematocrit level, leuco-
cyte count, platelet count) were not observed [45]. This
therefore provides a challenge to the use of JAK2 allele
burden reduction as a relevant biomarker of treatment
success. One small study has suggested patients starting
with a higher allele burden may benefit the most from
RUX therapy in MF with a study of 69 patients showing a
higher probability of spleen response if allele burden was
greater than 50% at entry [46].

The presence of the CALR driver mutation meanwhile
appears to offer some protection. Despite the observed

higher platelet counts in CALR positive ET, there is a
lower thrombosis risk [47]. Indeed, the use of anti-plate-
let agents in low risk CALR positive ET may cause harm
rather than provide a benefit [48]. Overall survival is also
comparatively higher in CALR positive MF [47]. The rate
of leukaemic transformation in CALR patients was simi-
lar to JAK2 V617F patients in a meta-analysis of twelve
studies in PMF [49]. The presence of type 1 CALR muta-
tions was prognostically favourable for overall survival
with regards to type 2 CALR mutations in PMF. However,
multivariate analysis incorporating additional co-muta-
tions and prognostic scoring systems did not retain this
association [50]. Patients with triple negative mutation
status in PMF have a faster rate of disease progression
and leukaemic transformation and worse overall survival
than any of the driver mutations [47].

The effect of JAK inhibition with RUX in MF does not
appear to be affected by the underlying driver muta-
tion. COMFORT-I showed no difference in clinical
effect between JAK2 V617F positive or negative patients
[10]. A further exploratory analysis of the COMFORT-
II study showed no difference in the response of CALR
mutant patients in comparison to the cohort as a whole
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[51]. CALR mutant mice develop an ET phenotype that
is ameliorated by RUX [52]. Likewise, murine models
of JAK2 V617F positive MPN show response in spleen
weight and haematological parameters to the adminis-
tration of RUX [53]. Another JAK2 inhibitor INCB16562
showed efficacy in a murine model of MPL W515L
induced thrombocytosis and myelofibrosis [54]. This is
logical given the activation of the JAK/STAT pathway in
all mutant backgrounds.

The MPN HSC population appear to escape JAKi with
limited impact on quantitative reduction in the MPN
HSC population demonstrated even in in vitro treat-
ment. This is part of the key to explaining why molecular
remissions are rarely achieved and why MF patients often
rebound quickly after discontinuation of these drugs [55].

Co-operating Mutations and Clonal Evolution

Recurrently mutated co-operating oncogenes have key
roles in cell signalling pathways, epigenetic regulation,
transcription regulation and mRNA processing. In PMF,
the presence of the mutations in the genes ASXLI, EZH?2,
SRSF2 and have were observed to independently predict
shortened survival in a European cohort of 483 patients
and validated in an American cohort of 396 patients.
In both cases ASXLI retained this prognostic relevance
when prognostic scoring systems were accounted for. In
both cohorts.

IDHI1/2 and SRSF2 mutations were associated with
leukaemic transformation whilst ASXL1 was also associ-
ated in the European cohort [56]. TP53 mutations were
not analysed in that study, however somatic mutations
with loss of heterozygosity in TP53 was strongly asso-
ciated with progression to a leukaemic blast phase in a
cohort of 197 patients analysed with next generation
sequencing. Two or more somatic mutations was associ-
ated with the same negative prognosis [27]. JAK2 V617F
cooperates with loss of TP53 in a murine model to induce
blast phase disease. A larger cohort of 797 patients across
Europe and North America demonstrated a statistically
significant negative impact on overall survival and leu-
kaemia free survival when two or more of ASXL1, EZH2,
SRSF2 and IDH1/2 were mutated [57]. There is also evi-
dence of reduced progression free survival following allo-
geneic haematopoietic stem cell transplantation for MF
patients carrying ASXLI and IDHI1/2 at time of trans-
plantation [58].

Some genes are strongly associated with particular
MPN phenotypes, for example, mutated ASXLI is docu-
mented in around 38% of PMF patients and a much lower
percentage of other MPNs [59]. Genes involved in splic-
ing are more commonly mutated in PMF [26, 60]. Oth-
ers, for example, IKZF1 are almost exclusively identified
in blast phase disease [61]. The majority of PV and ET
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patients possess only one identified mutation in a driver
gene whilst a much higher number of PMF patients have
multiple somatic mutations. This is suggestive that acqui-
sition of particular mutations distorts the equilibrium
in favor of a particular phenotype. It has been suggested
that the acquisition of co-operating mutations promotes
a shift towards dysplasia from proliferation and therefore
PMF could be considered as an additional MPN/MDS
overlap syndrome [26].

TET?2 is commonly mutated in the MPNs and myeloid
malignancy in general but shows no particular pheno-
typic bias. It was suggested in one study to confer a poor
risk prognosis for overall survival and blast crisis trans-
formation [27]. It is also frequently detectable in CHIP
[62]. Timing of acquisition of this mutation appears to
play a key role in the resulting disease phenotype. TET2
first cells have a proliferation advantage at the haemat-
opoietic stem cell (HSC) level but do not result in excess
production of mature megakaryocytes or erythroid cells
until acquisition of a concurrent JAK2 V617F mutation.
Cells acquiring the JAK2 V617F mutation first do not
expand at the HSC level but can produce excess numbers
of erythroid and megakaryocyte cells through prolifera-
tion of progenitors. Expansion is enhanced by subsequent
acquisition of the TET2 mutation. These JAK2 V617F
first cells appear to favour a polycythaemia phenotype,
with an increased risk of thrombosis in the patient group
whilst the transcriptional profile of the cells was signifi-
cantly altered dependent on the first acquired mutation
[63]. In contrast “TET2 first” cells promote an ET phe-
notype. Greater than 70% of MF patients with EZH2
mutations also harbored ASXLI mutations in one study.
These two events were observed in the earliest multipo-
tent HSC population. Acquisition of these mutations in
this context appears to have preceded the acquisition of
JAK2, CALR or MPL mutations in many cases [59]. The
order of genomic event acquisition therefore appears to
be a key feature in determining the subgroup of MPN,
with each event potentially providing different selective
advantages at varying stages of the hematopoietic hierar-
chy and resulting in a different biological outcome.

This resultant changing genomic landscape and acqui-
sition of new mutations allows for the evolution of the
clonal cell populations over time. In the chronic phase of
disease this appears to be a very slow process with only
two new mutations detected during follow-up equiva-
lent to 133 patient years in one study across MPN [27].
Dominance can then established by one clone whilst oth-
ers may disappear over time. Co-operating mutations
may occur alongside the driver mutations or in separate
clones. Recent work has demonstrated the accumulation
of low burden of TP53 mutant clones associated particu-
larly with ageing over the course of chronic MPN. This
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has demonstrated that multiple variants of these TP53
may exist concurrently [64]. The clonal landscape may
also vary at different points of the haematopoietic hierar-
chy [63]. The most devastating result of clonal evolution
is the selection and expansion of a clone resulting in blast
phase of disease. The leukaemic clone may not even con-
tain the original driver mutation and patients with 7P53
mutations may develop leukaemic clones expressing wild
type TP53 [64, 65]. The higher prevalence of mutations
detectable in blast phase disease is suggestive of a higher
rate of mutation acquisition similar to that seen in blast
phase CML [66].

There is also interest in the role of germline genomic
susceptibility factors in MPN. There are cases of familial
MPN characterised by a number of rare germline muta-
tions including RBBP6. The JAK2 46/1 combination of
haplotypes is also associated with both JAK2 V617F posi-
tive and MPL positive MPN and is suggested to impact of
a clonal advantage for any cells acquiring these mutations
[67]. An in depth review of these germline factors is how-
ever beyond the scope of this article as the impact on the
effectiveness of RUX has not been clearly evaluated.

We are moving towards a time when molecular mark-
ers will help to provide individualized prognostication
and reveal a spectrum of phenotype, thrombosis and
transformation risk [68]. It is in this spectrum of disease
that the role of JAKi and RUX in particular will need to be
defined. Molecular data from the initial RUX clinical tri-
als is rather limited in this respect as is shown in Table 1.
Analysis of the COMFORT-II study in PMF shows that
when patients were grouped into a high molecular risk
group according to the presence of mutation(s) in any
one of ASXL1, EZH2, SRSF2, and IDHI-2 or low molec-
ular risk group as had previously been validated [56], this
did not affect the likelihood of obtaining a>35% spleen
volume reduction or symptomatic improvement [13].
However, subsequent analysis of Phasel/2 studies using
RUX in MF including post PV or post ET-MF suggested
that the presence of three or more mutations was asso-
ciated with a worse spleen response and shorter time to
treatment discontinuation [69]. Another recent small
study suggested that the presence of ASXL1 or EZH2 was
independently associated with an inferior time to treat-
ment failure on multivariate analysis in a study of 100 MF
patients treated with RUX or momelotinib [70]. There-
fore, the underlying genomic landscape may affect RUX
efficacy. In PV, the 208 week evaluation of data from the
RESPONSE-II trial reported on rates of complete (CMR)
and partial molecular response (PMR). In the case of
patients originally randomised to RUX, CMR and PMR
were possible in patients with ASXLI and TET2 muta-
tions identified. The prognostic implications of these
mutations is less clear in PV but again this suggests that
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in particular individuals, that at least in certain individual
circumstances the effectiveness of RUX is not impacted
by the presence of these mutations [45]. Of course, the
definition of CMR or PMR was based on JAK2 V617F
mutation burden and whether patients with CMR or
PMR obtained simultaneous reductions in ASXLI or
TET?2 allele burdens was not reported.

Direct therapeutic targeting of /DH2 using small mol-
ecule inhibition alongside RUX has shown superior effi-
cacy to monotherapy in JAK2 V617F and IDH2 mutant
murine MPN models and synergistic effects in dual
mutated primary MPN cells [71]. This highlights the
potential for direct targeting of mutant cells using per-
sonalised therapy guided by the mutational landscape for
select patients.

In blast phase, response to conventional systemic
chemotherapy for acute myeloid leukaemia (AML)
has a limited efficacy [72]. Median survival is less than
6 months which can be improved in patients undergoing
allogeneic stem cell transplantation [73]. However, many
patients are not fit for this intensive treatment approach.
RUX monotherapy was effective at improving survival in
a murine model transplanted with TP53 knockout/JAK2
V617F positive leukaemic cells but was insufficient to
induce remissions and was inferior to combination
therapy with a histone deacetylase inhibitor (HDACi)
or a Heat shock protein 90 inhibitor [74]. Clinical data
is sparse but small numbers of patients have shown
improved responses in combination with intensive chem-
otherapy induction and alongside HDACi [75-77]. In
ME, patients with an excess of blasts between 5 and 9%
in bone marrow or peripheral blood demonstrated an
improved response to RUX which was not seen for those
with an accelerated phase defined by 10-19% blasts [78].
These results suggest that targeted JAKi with RUX may
have a role in the treatment of blast phase disease but
optimizing synergy with additional agents is likely to be
the key to improving therapeutic efficacy in this scenario.

When it comes to clonal evolution understanding the
impact of RUX is going to be critical. Analysis of phase
1/2 trials of RUX in MF allowed analysis of molecu-
lar profile from 62 patients at baseline and at discon-
tinuation of RUX therapy. Just over one-third of these
patients acquired further mutations whilst on therapy.
These included ASXLI, TET2, EZH2 and TP53 most
frequently. This clonal evolution was associated with
shorter survival following RUX discontinuation. Half of
patients with molecular data available that transformed
to AML did so on the background of clonal evolution
during RUX therapy [79]. There have been reports of
an usually high occurrence of extramedullary leukaemia
whilst on RUX [80]. However this does not appear to be
an observed phenomenon in the clinical trial setting or
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repeatedly reported and therefore may not be significant.
Monotherapy in malignancy is frequently associated with
clonal escape and it is not clear whether any selective
pressure driving this is applied by RUX. Recent work has
suggested that around 15% of MF patients have demon-
strable Immunoglobulin gene rearrangements (IgR) in
bone marrow indicative of a B Cell clonal population.
They further observed an incidence of aggressive B-Cell
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lymphoma in 5.8% of RUX treated patients compared to
0.36% of patients not exposed to this agent. All of these
patients had prior detectable IgR. This is suggestive of
an ability of RUX to select for a lymphoid clone possibly
through immunosuppressive effect [81]. Whether the
same may be applicable for myeloid clones is less clear
but must be carefully evaluated as clinical trials of RUX
as a front line agent in PV are developed.

Ruxolitinib
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Fig. 2 This schematic demonstrates the potential mechanisms of escape from JAK2 inhibition by ruxolitinib. (1) Ineffective JAK inhibition (2)
Acquired tyrosine kinase domain mutation (3) Heterodimerization of JAK2 with JAKT or TYK2 (4) Alternative signaling cascade activation (5) External
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Cell signaling pathways

The persistence of MPN clones despite JAKi shows that
the cells are able to escape the inhibition blockade and
survive. Figure 2 demonstrates the signaling cascade acti-
vated by constitutive JAK2 activation highlighting a num-
ber of potential mechanisms of escape that have been
demonstrated.

In many malignancies, resistance to tyrosine kinase
inhibitor (TKI) therapy occurs on the basis of an acquired
mutation with a key drug target. This is demonstrated in
chronic myeloid leukaemia (CML) when acquired resist-
ance to TKIs is often the result of a new mutation within
the BCR-ABLI fusion gene. Saturation mutagenesis stud-
ies in murine cell line with RUX have demonstrated the
emergence of second site mutations within JAK2. These
mutations conferred resistance to JAKi by a number of
agents including RUX [82, 83]. However, it is not clear
that this is a relevant phenomenon which is occurring
in MPN patients [84] and persisting clones demon-
strate the absence of second site mutations in the pres-
ence of JAKi [85]. This suggests that the dosing of RUX
is insufficient to exert a selective mutagenesis pressure in
patients. Genetic deletion of JAK2 in a murine model of
MPL mutated MPN was more effective than JAKi in ame-
liorating the disease state demonstrating the potential
benefit of improved JAKi. When persisting JAK2 V617F
cell lines in RUX were examined it was evident that there
was reactivation of JAK/STAT signaling. Dimerisation is
a critical aspect of JAK2 activation and in the presence of
RUX this can occur as a heterodimer between JAK2 and
JAK1 or TYK2 resulting in a reactivation of JAK/STAT
signaling and resistance to JAKi [85]. This is a functional
mechanism of resistance and appears to be reversible on
withdrawal of RUX with cells re-sensitizing over a period
of weeks. It is interesting to note patients may demon-
strate similar responses to RUX re-challenge following
withdrawal for loss of response [86].

Another possible mechanism of resistance to RUX
is the recruitment of alternative cell signaling pathways
continuing to drive the disease phenotype. Constitutive
activation of JAK/STAT signaling in JAK2 V617F posi-
tive cells is accompanied by activation of the STAT inde-
pendent PI3K or MAPK pathways [4]. CALR mutations
also activate MAPK signaling [87], however, there does
appear to be a differential expression profile in MAPK
and PI3K pathways in CALR mutant ET compared to
JAK2 V617F mutant ET or PV [88]. These role of these
pathways in the pathogenesis of MPN and the resistance
to JAKi is beginning to be elucidated. The PI3K/mTOR
pathway is critical for the phosphorylation of serine resi-
dues on STAT5b. These phosphorylations on serine-193
and serine-731 residues were not affected by exposure to
RUX but were reduced by treatment with PI3K or mTOR
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inhibitors in JAK2 V617 positive cell lines. Combinations
of RUX with PI3K and mTOR inhibitors was more effi-
cacious in cell lines, primary patient cells and knock in
mouse models of JAK2 V617F positive MPN [89]. Indeed,
an mTOR inhibitor everolimus has been trialed in MF
showing some efficacy in symptom burden control and
spleen volume reduction [90]. Trials to understand the
efficacy of RUX in combination with these inhibitors are
yet to report on efficacy in real world patient samples.

Epigenetic dysregulation beyond genomic mutations

and cell signaling pathways

Histone modification is a key mechanism of epigenetic
regulation with n-terminus lysine residues undergoing
post translational modifications including acetylation,
methylation and phosphorylation which can enhance or
repress gene transcription. We have already discussed
the occurrence of mutations in genes controlling histone
modification including ASXL1 and EZH2 which are fre-
quently observed in MPN. In murine studies, differential
distribution of acetylated H3K27 between progenitors in
MPL W515 mice with an MF phenotype and controls was
observed. Using a chromatin immunoprecipitation assay
the active loci marked by acetylated H3K27 were sig-
nificantly associated with Tumor necrosis factor(TNF)/
nuclear factor KB(NF-KB) signaling pathways highlight-
ing a key role of inflammation which will be discussed
below [91]. Some mechanisms of histone modifica-
tion have been proposed. The mutant JAK2 V617 pro-
tein is able to locate to the nucleus of the cell. In doing
so, it is able to exert effects through phosphorylation of
Histone H3 and the arginine methyltransferase PRMT5
resulting in histone modification and change gene tran-
scription [92, 93]. Over-expression of the transcription
factor “nuclear factor erythroid 2” (NFE2) occurs in the
majority of MPN patients. This over-expression results
in significantly elevated levels of the histone demethylase
JMJD1C and resultant global reduction of H3K9mel and
H3K9me?2 levels [94]. There is limited published work
on the effect of JAKi on histone modifications. We have
demonstrated modifications to histone methylation at
lysine 36 on Histone H3 in response to RUX therapy and
shown that patients with high levels of di and tri methyla-
tion at lysine 4 may have sub-optimal responses to RUX
therapy [95]. A number of histone deacetylase inhibitors
have been investigated as therapy in MPN. Only Panobi-
nostat, a pan-deacetylase inhibitor which enhances acet-
ylation at H3 and H4 histones, has been investigated in
combination with RUX in a phase 2 study. They observed
greater reductions in splenomegaly than were expected
for RUX therapy only [96]. Lysine specific demethylase
1 (LSD1) modifies methylation at histone H3 by removal
of methyl groups. Inhibition of LSD1 by small molecule
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is beneficial in murine models of MPN and synergistic
with RUX in ameliorating the MPN process in mice. JAKi
alone may be insufficient to overcome effects of prior
histone modification. The role of combining epigenetic
manipulation and JAKi needs explored in clinical trials
[97].

DNA methylation (DNAm) is a further mechanism of
transcriptional regulation [98]. Changes in DNA meth-
ylation are observed in normal ageing and pathology.
DNA methyltransferase enzymes (DNMT) act to meth-
ylate cytosine residues at CpG sites silencing transcrip-
tion. Genes involved in this process that are commonly
mutated in MPN include DNMT3A, TET2 and IDHI1/2.
Samples from MPN patients show aberrant DNA meth-
ylation patterns in comparison to controls and this
changes again during transformation to blast phase of
disease [99]. Using an ageing signature based on DNAm
patterns in key genes [100], we have demonstrated that
PV patients have a DNAm age which is older than their
chronological age whilst ET patients tended to have a
younger DNAm age. Interestingly, following therapeutic
intervention with RUX, the DNAm age, in both groups,
moved closer to their actual age [95]. Whether this differ-
ence in DNAm pattern is reflective of a direct influence
on the MPN phenotype or reflects the actions of other
cellular processes is unclear but does however demon-
strate another feature of epigenetic dysregulation in these
pathologies.

DNAm and histone modification represent pre-tran-
scriptional mechanisms of control. Increases or decreases
in gene transcription levels may be further modified by
post-transcriptional or post-translational modification
which may impact on the resulting proteome and ulti-
mately the impact on the cell processes. Quantitative
mass spectrometry has shown differences in the make-
up of a small proportion of the proteome across different
MPN phenotypes and mutational backgrounds. Proteins
in the RAS GTPase and oxidative stress pathways were
identified as differentially expressed. CALR was noted to
be over-expressed in JAK2 V617F positive backgrounds
in comparison to wild type backgrounds suggesting that
the presence of mutant JAK2 may be able to impact on
wild type CALR expression which may impact on cellu-
lar signalling impacting on phenotype [101]. This CALR
overexpression could be ameliorated by JAKi in murine
cell line culture [101]. To our knowledge, there has been
no data on the effect of RUX or JAKi on the proteome of
treated patients.

DNA damage

Given the propensity of MPN cells to acquire multi-
ple genomic aberrations, a number of efforts to under-
stand the role of DNA damage accumulation and repair
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mechanisms have been undertaken. A number of mecha-
nisms linking genome instability have been proposed.
Activation of JAK2 V617 has been shown to stimulate
increased homologous recombination activity and can
result in chromosome centrosome abnormalities and an
increased rate of mutagenesis in vitro [102]. This may
promote a loss of heterozygosity of JAK2. PI3K depend-
ent signalling results in replication fork stalling and
activation of the intra- S phase cell cycle checkpoint.
The latter effect was only observed in PV erythroblasts
and not in ET erythroblasts [103]. Reactive oxygen spe-
cies appear to play a key role in the excess accumula-
tion of double strand DNA breaks (DSBs) that have been
observed in MPN cells [104, 105]. This was accompanied
by avoidance of usual apoptotic mechanisms in response
to DSBs and may help to explain the accumulation of
additional mutations evident in many MPN cells [104].
Downregulation of NHE1/BCL-xl pro-apoptotic path-
ways via PI3K mediated inactivation of FOXO3A allows
inappropriate cell survival despite DNA damage accu-
mulation. This mechanism appears to be differentially
present in stem cells in comparison to progenitors [106].
Anti-oxidative therapies were effective in reducing the
number of DSBs acquired in JAK2 V617F positive mouse
model and in reducing the progression of the MPN phe-
notype demonstrating the importance of this genomic
instability in pathogenesis [104]. JAK2 V617F expression
can negatively regulate p53 via degradation by increased
levels of MDM2 thus impacting on the critical role p53
plays in the DNA damage response [107]. Downregula-
tion of DNA repair pathways mediated by BRCAI and
ATM has been demonstrated in CALR mutants by gene
expression profiling [88]. RUX has been demonstrated to
inhibit BRCA-mediated homologous recombination and
DNA—dependent protein kinase-mediated non homolo-
gous end joining. This leads to an accumulation of DSBs
which lead to synthetic lethality in cell line cultures, pri-
mary MPN samples in vitro and xenograft models when
combined with poly-ADP-ribose polymerase (PARP)
inhibitors [105]. Given that RUX is poor at inducing
apoptotic pathways [108], this reduction in the DNA
repair mechanisms in cells that are prone to increased
DNA damage may potentially allow for clonal selection
in monotherapy highlighting the critical need for vigi-
lance for clonal evolution in front line RUX trials.

Inflammation

Neoplastic disease has been linked to inflammation in
many ways, including, as a driver of malignant change,
sustaining the disease or resulting from the neoplas-
tic cells. Levels of circulating cytokines are higher in
MPN patients. A number of studies have demonstrated
prognostic value for IL-8, IL-2R, IL-12, IL-15 and high
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sensitivity C reactive protein (CRP) levels in MF [109,
110]. Both mature and progenitor cells demonstrate an
aberrant cytokine production pattern with differences
evident between the two [111]. Cytokine profiles are also
different between the MPN phenotypes with higher levels
seen during transformation of disease to secondary MF
or AML [112]. In the general population, inflammation is
linked to thrombosis and increasing high sensitivity CRP
levels correlate with thrombosis risk in ET and PV [113].
Constitutional symptoms in MPN are similar to those
observed in other inflammatory disorders. The influence
of pro-inflammatory cytokines on bone marrow fibrosis
has been demonstrated therefore showing a direct impact
on the MPN phenotype [114]. These pro-inflammatory
cytokines result from both mutant haematopoietic MPN
clones and non—mutant haematopoietic cells as a direct
result of JAK/STAT signalling driven by cytokine influ-
ences [111]. Therefore a self -reinforcing cycle of inflam-
mation is created. Recent investigation has shown that
changes in the chromatin landscape by altered methyla-
tion and acetylation patterns at histone H3 lysine 4 and
lysine 27, respectively links with increased expression of
NF-KB signalling pathways driving associated inflamma-
tion [91].

RUX has demonstrated good efficacy in an anti-inflam-
matory role. It is efficacious in graft versus host disease
and is under investigation in other immune mediated
conditions [115]. A reduction in cytokine levels in MPN
during RUX therapy is observed and the constitutional
symptom burden is generally reduced. The reduction is
spleen burden resulting from extramedullary haemat-
opoietic activity may also reflect a reduction in inflam-
mation. This anti-inflammatory effect can be augmented
through the use of BET inhibitors to disrupt the epige-
netic enhancement of NF-KB signalling. In murine model
of JAK2 V617F MF, the combination of RUX and BET
inhibition resulted in significant reversal of bone marrow
fibrosis and a reduction of disease burden [91]. Therefore
targeted therapeutic manipulation of the pro-inflamma-
tory pathways appears to be an efficacious strategy which
is worth further investigation in patients.

Future directions of therapy

The ground breaking efficacy of TKI monotherapy in
CML has not been replicated in MPN through the use
of targeted JAKi with RUX. Yet, the advances in our
knowledge have revealed complexities in genetic land-
scape, epigenetic dysregulation, signaling cascades, DNA
damage response and inflammatory pathways. Each
of these abnormalities underlies the pathogenesis and
impacts on the effectiveness of JAKi in these disorders.
Augmentation of JAKi through concurrent therapeutic
manipulation of alternative pathways is a key focus of
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current research. Clinical trials are underway to evalu-
ate the benefit of RUX alongside epigenetic modifiers,
immunomodulatory drugs, small molecular inhibitors
of PI3 K/AKT/mTOR and Interferon [116]. Understand-
ing how these combinations affect the burden of disease,
level of bone marrow fibrosis and risk of progression is
critical to establishing efficacy beyond the parameters
demonstrated already by JAKi. As accurate personalized
risk profiles become achievable based on genomic data,
understanding how RUX fits the treatment for each of
these individuals will be important. Development of JAKi
with increased activity and/or allosteric inhibition along-
side agents with specificity for mutant JAK2 may be sig-
nificant in the coming years [117, 118]. Finally, effective
eradication of the MPN stem cell niche will be required
to bring about disease cure.

Conclusion

The advances in genomic and epigenetics over the
last number of years have helped to reveal significant
amounts of information regarding the pathogenesis of
MPN. Rather than distinct disease entities, there is a
complex evolving spectrum of pathology with common
features and key differences. The role of constitutive
activation of the JAK/STAT pathway is common across
the spectrum whilst the role of co-operating mutations,
epigenetic dysregulation, clonal evolution, responses to
DNA damage, activation of cell signaling pathways and
inflammatory activation varies resulting in differences
in the observed MPN phenotype, progression of the dis-
ease and risk of thrombotic complications. This is allow-
ing a move away from simple grouping by phenotype in
the clinic towards classification by increasingly towards
a biological underpinnings of the phenotype. JAKi has
demonstrated good efficacy in symptom relief but more
limited impact on disease modification and there are
concerns regarding the impact on clonal landscape that
need careful evaluation. Understanding how JAKi affects
and is affected by each of the key features of pathogenesis
above is key to understanding how best to augment this
therapy and establish an optimal therapeutic approach to
this complex disease state.

Abbreviations

WHO: World Health Organisation; PV: polycythaemia vera; ET: essential throm-
bocythemia; PMF: primary myelofibrosis; MPN: myeloproliferative neoplasms;
MF: myelofibrosis; EPOR: erythropoietin receptor; MPL: thrombopoietin recep-
tor; GCSF: granulocyte-colony stimulating factor receptors; JAKi: JAK inhibition;
RUX: ruxolitinib; HU: hydroxycarbamide; BAT: best available therapy; OS: overall
survival; LT-HSC: long term haematopoietic stem cell; NGS: next generation
sequencing; CHIP: clonal haematopoiesis of indeterminate potential; MRNA:
messenger RNA; MDS: myelodysplastic syndrome; HSC: haematopoietic stem
cell; CMR: complete molecular response; PMR: partial molecular response;
AML: acute myeloid leukaemia; HDACI: histone deacetylase inhibitor; IgR:
immunoglobulin rearrangement; CML: chronic myeloid leukaemia; DNAM:



Greenfield et al. J Transl Med (2018) 16:360

DNA methylation; DNMT: DNA methyltransferase enzymes; DSB: double strand

DNA breaks; CRP: C reactive protein.

Authors’ contributions

GG undertook literature review and wrote the manuscript. SM undertook
experiments and reviewed the manuscript. KM reviewed and edited the
manuscript. MFM reviewed and edited the manuscript. All authors read and
approved the final mauscript.

Author details
! Centre for Cancer Research and Cell Biology, Queen’s University Belfast, Bel-
fast, UK. 2 Centre for Medical Education, Queen’s University Belfast, Belfast, UK.

Acknowledgements
Not applicable.

Competing interests
GG, SM, KM—no competing interests to declare. MFM—Novartis: Hono-

rarium, speaker fee, Advisory board. Celgene: Speaker fee. Bristol Myer Squibb:

Honorarium.

Availability of data and materials
Not applicable.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 1 November 2018 Accepted: 5 December 2018
Published online: 17 December 2018

References

1. Dameshek W. Some speculations on the myeloproliferative syn-
dromes. Blood. 1951;6(4):372-5.

2. Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau
MM, et al. The 2016 revision to the World Health Organization
classification of myeloid neoplasms and acute leukemia. Blood.
2016;127(20):2391-405.

3. Baxter EJ, Scott LM, Campbell PJ, East C, Fourouclas N, Swanton S, et al.
Acquired mutation of the tyrosine kinase JAK2 in human myeloprolif-
erative disorders. Lancet. 2005;365(9464):1054-61.

4. James C,UgoV, Le Couédic JP, Staerk J, Delhommeau F, Lacout C, et al.

A unique clonal JAK2 mutation leading to constitutive signalling causes

polycythaemia vera. Nature. 2005;434(7037):1144-8.
5. Pikman, Lee BH, Mercher T, McDowell E, Ebert BL, Gozo M, et al.

MPLW515L is a novel somatic activating mutation in myelofibrosis with

myeloid metaplasia. PLoS Med. 2006;3(7):e270.
6. Nangalia J, Massie CE, Baxter EJ, Nice FL, Gundem G, Wedge DC, et al.

Somatic CALR mutations in myeloproliferative neoplasms with nonmu-

tated JAK2. N Engl J Med. 2013;369(25):2391-405.

7. Scott LM, Tong W, Levine RL, Scott MA, Beer PA, Stratton MR, et al. JAK2
exon 12 mutations in polycythemia vera and idiopathic erythrocytosis.
N Engl J Med. 2007;356(5):459-68.

8. Rampal R, Al-Shahrour F, Abdel-Wahab O, Patel JP, Brunel JP, Mermel CH,
et al. Integrated genomic analysis illustrates the central role of JAK-STAT

pathway activation in myeloproliferative neoplasm pathogenesis.
Blood. 2014;123(22):e123-33.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 13 of 16

Verstovsek S, Mesa RA, Gotlib J, Levy RS, Gupta V, DiPersio JF, et al. A
double-blind, placebo-controlled trial of ruxolitinib for myelofibrosis.
N Engl J Med. 2012;366(9):799-807.

Verstovsek S, Mesa RA, Gotlib J, Levy RS, Gupta V, DiPersio JF, et al. The
clinical benefit of ruxolitinib across patient subgroups: analysis of a
placebo-controlled, Phase Ill study in patients with myelofibrosis. Br J
Haematol. 2013;161(4):508-16.

Verstovsek S, Mesa RA, Gotlib J, Gupta V, DiPersio JF, Catalano JV, et al.
Long-term treatment with ruxolitinib for patients with myelofibrosis:
5-year update from the randomized, double-blind, placebo-con-
trolled, phase 3 COMFORT-I trial. J Hematol Oncol. 2017;10(1):55.
Al-Ali HK, Griesshammer M, le Coutre P, Waller CF, Liberati AM, Schaf-
hausen P, et al. Safety and efficacy of ruxolitinib in an open-label,
multicenter, single-arm phase 3b expanded-access study in patients
with myelofibrosis: a snapshot of 1144 patients in the JUMP trial.
Haematologica. 2016;101(9):1065-73.

Guglielmelli P, Biamonte F, Rotunno G, ArtusiV, Artuso L, Bernardis

I, et al. Impact of mutational status on outcomes in myelofibrosis
patients treated with ruxolitinib in the COMFORT-II study. Blood.
2014;123(14):2157-60.

Harrison CN, Vannucchi AM, Kiladjian JJ, Al-Ali HK, Gisslinger H,
Knoops L, et al. Long-term findings from COMFORT-II, a phase 3
study of ruxolitinib vs best available therapy for myelofibrosis. Leuke-
mia. 2016;30(8):1701-7.

Verstovsek S, Gotlib J, Mesa RA, Vannucchi AM, Kiladjian JJ, Cervantes
F, et al. Long-term survival in patients treated with ruxolitinib for
myelofibrosis: COMFORT-I and -Il pooled analyses. J Hematol Oncol.
2017;10(1):156.

Marti-Carvajal AJ, Anand V, Sola I. Janus kinase-1 and Janus kinase-2
inhibitors for treating myelofibrosis. Cochrane Database Syst Rev.
2015;4:.CD010298.

Cervantes F, Pereira A. Does ruxolitinib prolong the survival of
patients with myelofibrosis? Blood. 2017;129(7):832-7.
Griesshammer M, Saydam G, Palandri F, Benevolo G, Egyed M, Cal-
lum J, et al. Ruxolitinib for the treatment of inadequately controlled
polycythemia vera without splenomegaly: 80-week follow-up from
the RESPONSE-2 trial. Ann Hematol. 2018;97:1591-600.

Passamonti F, Griesshammer M, Palandri F, Egyed M, Benevolo G,
Devos T, et al. Ruxolitinib for the treatment of inadequately con-
trolled polycythaemia vera without splenomegaly (RESPONSE-2):

a randomised, open-label, phase 3b study. Lancet Oncol.
2017;18(1):88-99.

Vannucchi AM, Kiladjian JJ, Griesshammer M, Masszi T, Durrant S, Pas-
samonti F, et al. Ruxolitinib versus standard therapy for the treatment
of polycythemia vera. N Engl J Med. 2015;372(5):426-35.

Verstovsek S, Vannucchi AM, Griesshammer M, Masszi T, Durrant

S, Passamonti F, et al. Ruxolitinib versus best available therapy

in patients with polycythemia vera: 80-week follow-up from the
RESPONSE trial. Haematologica. 2016;101(7):821-9.

Harrison CN, Mead AJ, Panchal A, Fox S, Yap C, Gbandi E, et al.
Ruxolitinib vs best available therapy for ET intolerant or resistant to
hydroxycarbamide. Blood. 2017;130(17):1889-97.

Verstovsek S, Passamonti F, Rambaldi A, Barosi G, Rumi E, Gattoni

E, et al. Ruxolitinib for essential thrombocythemia refractory to or
intolerant of hydroxyurea: long-term phase 2 study results. Blood.
2017;130(15):1768-71.

Kvasnicka HM, Thiele J, Bueso-Ramos CE, Sun W, Cortes J, Kantar-
jian HM, et al. Long-term effects of ruxolitinib versus best available
therapy on bone marrow fibrosis in patients with myelofibrosis. J
Hematol Oncol. 2018;11(1):42.

Nangalia J, Green AR. Myeloproliferative neoplasms: from origins to
outcomes. Blood. 2017;130(23):2475-83.

Vainchenker W, Kralovics R. Genetic basis and molecular patho-
physiology of classical myeloproliferative neoplasms. Blood.
2017;129(6):667-79.

Lundberg P, Karow A, Nienhold R, Looser R, Hao-Shen H, Nissen |,

et al. Clonal evolution and clinical correlates of somatic mutations in
myeloproliferative neoplasms. Blood. 2014;123(14):2220-8.

Mullally A, Lane SW, Brumme K, Ebert BL. Myeloprolifera-

tive neoplasm animal models. Hematol Oncol Clin North Am.
2012;26(5):1065-81.



Greenfield et al. J Trans| Med

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45,

46.

47.

48.

49.

(2018) 16:360

Ishii T, Bruno E, Hoffman R, Xu M. Involvement of various hematopoi-
etic-cell lineages by the JAK2V617F mutation in polycythemia vera.
Blood. 2006;108(9):3128-34.

Mullally A, Poveromo L, Schneider RK, Al-Shahrour F, Lane SW, Ebert

BL. Distinct roles for long-term hematopoietic stem cells and erythroid
precursor cells in a murine model of Jak2V617F-mediated polycythemia
vera. Blood. 2012;120(1):166-72.

Kent DG, Li J, Tanna H, Fink J, Kirschner K, Pask DC, et al. Self-renewal

of single mouse hematopoietic stem cells is reduced by JAK2V617F
without compromising progenitor cell expansion. PLoS Biol.
2013;11(6):21001576.

Shepherd MS, Li J, Wilson NK, Oedekoven CA, Belmonte M, Fink J, et al.
Single-cell approaches identify the molecular network driving malig-
nant hematopoietic stem cell self-renewal. Blood. 2018;132(8):791-803.
Mead AJ, Mullally A. Myeloproliferative neoplasm stem cells. Blood.
2017;129(12):1607-16.

Tefferi A, Lasho TL, Guglielmelli P, Finke CM, Rotunno G, Elala Y, et al.
Targeted deep sequencing in polycythemia vera and essential throm-
bocythemia. Blood Adv. 2016;1(1):21-30.

Tefferi A, Lasho TL, Finke CM, Elala Y, Hanson CA, Ketterling RP, et al.
Targeted deep sequencing in primary myelofibrosis. Blood Adv.
2016;1(2):105-11.

Barbui T, Finazzi G, Carobbio A, Thiele J, Passamonti F, Rumi E, et al.
Development and validation of an International Prognostic Score of
thrombosis in World Health Organization-essential thrombocythemia
(IPSET-thrombosis). Blood. 2012;120(26):5128-33 (quiz 252).

Tefferi A, Lasho TL, Schwager SM, Strand JS, Elliott M, Mesa R, et al.

The clinical phenotype of wild-type, heterozygous, and homozygous
JAK2V617F in polycythemia vera. Cancer. 2006;106(3):631-5.

Link DC, Walter MJ. 'CHIP'ping away at clonal hematopoiesis. Leukemia.
2016;30(8):1633-5.

Acuna-Hidalgo R, Sengul H, Steehouwer M, van de Vorst M, Vermeulen
SH, Kiemeney LALM, et al. Ultra-sensitive sequencing identifies high
prevalence of clonal hematopoiesis-associated mutations throughout
adult life. Am J Hum Genet. 2017;101(1):50-64.

Barbui T, Falanga A. Molecular biomarkers of thrombosis in myeloprolif-
erative neoplasms. Thromb Res. 2016;140(Suppl 1):S71-5.

How J, Trinkaus KM, Oh ST. Distinct clinical, laboratory and molecular
features of myeloproliferative neoplasm patients with splanchnic vein
thrombosis. Br J Haematol. 2018;183(2):310-3.

Jaiswal S, Natarajan P, Silver AJ, Gibson CJ, Bick AG, Shvartz E, et al.
Clonal hematopoiesis and risk of atherosclerotic cardiovascular disease.
N Engl J Med. 2017;377(2):111-21.

De Grandis M, Cambot M, Wautier MP, Cassinat B, Chomienne C, Colin
Y, et al. JAK2V617F activates Lu/BCAM-mediated red cell adhesion in
polycythemia vera through an EpoR-independent Rap1/Akt pathway.
Blood. 2013;121(4):658-65.

Wolach O, Sellar RS, Martinod K, Cherpokova D, McConkey M,

Chappell RJ, et al. Increased neutrophil extracellular trap formation
promotes thrombosis in myeloproliferative neoplasms. Sci Transl Med.
2018;10(436):.eaan8292.

Vannucchi AM, Verstovsek S, Guglielmelli P, Griesshammer M, Burn TC,
Naim A, et al. Ruxolitinib reduces JAK2 p.V617F allele burden in patients
with polycythemia vera enrolled in the RESPONSE study. Ann Hematol.
2017;96(7):1113-20.

Barosi G, Klersy C, Villani L, Bonetti E, Catarsi P, Poletto V, et al.
JAK2(V617F) allele burden > 50% is associated with response to ruxoli-
tinib in persons with MPN-associated myelofibrosis and splenomegaly
requiring therapy. Leukemia. 2016;30(8):1772-5.

Rumi E, Pietra D, Pascutto C, Guglielmelli P, Martinez-Trillos A, Casetti |,
et al. Clinical effect of driver mutations of JAK2, CALR, or MPL in primary
myelofibrosis. Blood. 2014;124(7):1062-9.

Alvarez-Larrén A, Pereira A, Guglielmelli P, Herndndez-Boluda JC,
Arellano-Rodrigo E, Ferrer-Marin F, et al. Antiplatelet therapy versus
observation in low-risk essential thrombocythemia with a CALR muta-
tion. Haematologica. 2016;101(8):926-31.

Pei YQ, Wu Y, Wang F, Cui W. Prognostic value of CALR vs. JAK2V617F
mutations on splenomegaly, leukemic transformation, thrombosis, and
overall survival in patients with primary fibrosis: a meta-analysis. Ann
Hematol. 2016;95(9):1391-8.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 14 of 16

Tefferi A, Lasho TL, Finke C, Belachew AA, Wassie EA, Ketterling RP,

etal. Type 1 vs type 2 calreticulin mutations in primary myelofibro-

sis: differences in phenotype and prognostic impact. Leukemia.
2014,28(7):1568-70.

Guglielmelli P, Rotunno G, Bogani C, Mannarelli C, Giunti L, Provenzano
A, et al. Ruxolitinib is an effective treatment for CALR-positive patients
with myelofibrosis. Br J Haematol. 2016;173(6):938-40.

Shide K, Kameda T, Yamaji T, Sekine M, Inada N, Kamiunten A, et al. Cal-
reticulin mutant mice develop essential thrombocythemia that is ame-
liorated by the JAK inhibitor ruxolitinib. Leukemia. 2017;31(5):1136-44.
Kubovcakova L, Lundberg P, Grisouard J, Hao-Shen H, Romanet V,
Andraos R, et al. Differential effects of hydroxyurea and INC424 on
mutant allele burden and myeloproliferative phenotype in a JAK2-
V617F polycythemia vera mouse model. Blood. 2013;121(7):1188-99.
Koppikar P, Abdel-Wahab O, Hedvat C, Marubayashi S, Patel J, Goel

A, et al. Efficacy of the JAK2 inhibitor INCB16562 in a murine model

of MPLW515L-induced thrombocytosis and myelofibrosis. Blood.
2010;115(14):2919-27.

Wang X, Ye F, Tripodi J, Hu CS, Qiu J, Najfeld V, et al. JAK2 inhibitors do
not affect stem cells present in the spleens of patients with myelofibro-
sis. Blood. 2014;124(19):2987-95.

Vannucchi AM, Lasho TL, Guglielmelli P, Biamonte F, Pardanani A, Pereira
A, et al. Mutations and prognosis in primary myelofibrosis. Leukemia.
2013;27(9):1861-9.

Guglielmelli P, Lasho TL, Rotunno G, Score J, Mannarelli C, Pancrazzi A,
et al. The number of prognostically detrimental mutations and prog-
nosis in primary myelofibrosis: an international study of 797 patients.
Leukemia. 2014;28(9):1804-10.

Kroger N, Panagiota V, Badbaran A, Zabelina T, Triviai |, Araujo Cruz
MM, et al. Impact of molecular genetics on outcome in myelofibrosis
patients after allogeneic stem cell transplantation. Biol Blood Marrow
Transplant. 2017;23(7):1095-101.

Triviai |, Zeschke S, Rentel J, Spanakis M, Scherer T, Gabdoulline R,

et al. ASXL1/EZH2 mutations promote clonal expansion of neoplastic
HSC and impair erythropoiesis in PMF. Leukemia. 2018. https://doi.
0rg/10.1038/541375-018-0159-0.

Delic S, Rose D, Kern W, Nadarajah N, Haferlach C, Haferlach T, et al.
Application of an NGS-based 28-gene panel in myeloproliferative
neoplasms reveals distinct mutation patterns in essential thrombo-
cythemia, primary myelofibrosis and polycythaemia vera. Br J Haema-
tol. 2016;175(3):419-26.

Tefferi A. Novel mutations and their functional and clinical relevance
in myeloproliferative neoplasms: JAK2, MPL, TET2, ASXL1, CBL, IDH and
IKZF1. Leukemia. 2010;24(6):1128-38.

Busque L, Patel JP, Figueroa ME, Vasanthakumar A, Provost S, Hamilou
Z, et al. Recurrent somatic TET2 mutations in normal elderly individuals
with clonal hematopoiesis. Nat Genet. 2012;44(11):1179-81.

Ortmann CA, Kent DG, Nangalia J, Silber Y, Wedge DC, Grinfeld J, et al.
Effect of mutation order on myeloproliferative neoplasms. N Engl J
Med. 2015;372(7):601-12.

Kubesova B, Pavlova S, Malcikova J, Kabathova J, Radova L, Tom N, et al.
Low-burden TP53 mutations in chronic phase of myeloproliferative
neoplasms: association with age, hydroxyurea administration, disease
type and JAK2 mutational status. Leukemia. 2018;32(2):450-61.
Theocharides A, Boissinot M, Girodon F, Garand R, Teo SS, Lippert E,

et al. Leukemic blasts in transformed JAK2-V617F-positive myeloprolif-
erative disorders are frequently negative for the JAK2-V617F mutation.
Blood. 2007;110(1):375-9.

Johansson B, Fioretos T, Mitelman F. Cytogenetic and molecular
genetic evolution of chronic myeloid leukemia. Acta Haematol.
2002;107(2):76-94.

Grinfeld J, Nangalia J, Green AR. Molecular determinants of pathogene-
sis and clinical phenotype in myeloproliferative neoplasms. Haemato-
logica. 2017;102(1):7-17.

Grinfeld J, Nangalia J, Baxter EJ, Wedge DC, Angelopoulos N, Cantrill R,
et al. Classification and personalized prognosis in myeloproliferative
neoplasms. N Engl J Med. 2018;379(15):1416-30.

Patel KP, Newberry KJ, Luthra R, Jabbour E, Pierce S, Cortes J, et al. Cor-
relation of mutation profile and response in patients with myelofibrosis
treated with ruxolitinib. Blood. 2015;126(6):790-7.


https://doi.org/10.1038/s41375-018-0159-0
https://doi.org/10.1038/s41375-018-0159-0

Greenfield et al. J Trans| Med

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

(2018) 16:360

Spiegel JY, McNamara C, Kennedy JA, Panzarella T, Arruda A, Stockley
T, et al. Impact of genomic alterations on outcomes in myelofi-

brosis patients undergoing JAK1/2 inhibitor therapy. Blood Adv.
2017;1(20):1729-38.

McKenney AS, Lau AN, Somasundara AVH, Spitzer B, Intlekofer AM, Ahn
J, et al. JAK2/IDH-mutant-driven myeloproliferative neoplasm is sensi-

tive to combined targeted inhibition. J Clin Invest. 2018;128(2):789-804.

Mesa RA, Li CY, Ketterling RP, Schroeder GS, Knudson RA, Tefferi A.
Leukemic transformation in myelofibrosis with myeloid metaplasia: a
single-institution experience with 91 cases. Blood. 2005;105(3):973-7.
Lancman G, Brunner A, Hoffman R, Mascarenhas J, Hobbs G. Outcomes
and predictors of survival in blast phase myeloproliferative neoplasms.
Leuk Res. 2018;70:49-55.

Rampal R, Ahn J, Abdel-Wahab O, Nahas M, Wang K, Lipson D, et al.
Genomic and functional analysis of leukemic transformation of myelo-

proliferative neoplasms. Proc Natl Acad Sci USA. 2014;111(50):E5401-10.

Devillier R, Raffoux E, Rey J, Lengline E, Ronchetti AM, Sebert M, et al.
Combination therapy with ruxolitinib plus intensive treatment strategy
is feasible in patients with blast-phase myeloproliferative neoplasms. Br
J Haematol. 2016;172(4):628-30.

Eghtedar A, Verstovsek S, Estrov Z, Burger J, Cortes J, Bivins C, et al.
Phase 2 study of the JAK kinase inhibitor ruxolitinib in patients with
refractory leukemias, including post myeloproliferative neoplasm acute
myeloid leukemia. Blood. 2012;119(20):4614-8.

Mwirigi A, Galli S, Keohane C, Raj K, Radia DH, Harrison CN, et al.
Combination therapy with ruxolitinib plus 5-azacytidine or continuous
infusion of low dose cytarabine is feasible in patients with blast-phase
myeloproliferative neoplasms. Br J Haematol. 2014;167(5):714-6.
Masarova L, Bose P, Pemmaraju N, Daver N, Cortes JE, Estrov Z, et al.
Characteristics and survival of patients with chronic phase myelofi-
brosis and elevated blasts (5-9%), and the effect of therapy with JAK2
inhibitor ruxolitinib. Blood. 2017;130:201.

Newberry KJ, Patel K, Masarova L, Luthra R, Manshouri T, Jabbour E,

et al. Clonal evolution and outcomes in myelofibrosis after ruxolitinib
discontinuation. Blood. 2017;130(9):1125-31.

Kremyanskaya M, Mascarenhas J, Rampal R, Hoffman R. Development
of extramedullary sites of leukaemia during ruxolitinib therapy for
myelofibrosis. Br J Haematol. 2014;167(1):144-6.

Porpaczy E, Tripolt S, Hoelbl-Kovacic A, Gisslinger B, Bago-Horvath

Z, Casanova-Hevia E, et al. Aggressive B-cell lymphomas in patients
with myelofibrosis receiving JAK1/2 inhibitor therapy. Blood.
2018;132(7):694-706.

Kesarwani M, Huber E, Kincaid Z, Evelyn CR, Biesiada J, Rance M, et al.
Targeting substrate-site in Jak2 kinase prevents emergence of genetic
resistance. Sci Rep. 2015,5:14538.

Deshpande A, Reddy MM, Schade GO, Ray A, Chowdary TK, Griffin JD,
et al. Kinase domain mutations confer resistance to novel inhibitors
targeting JAK2V617F in myeloproliferative neoplasms. Leukemia.
2012;26(4):708-15.

Meyer SC. Mechanisms of resistance to JAK2 inhibitors in myeloprolif-
erative neoplasms. Hematol Oncol Clin North Am. 2017;31(4):627-42.
Koppikar P, Bhagwat N, Kilpivaara O, Manshouri T, Adli M, Hricik T, et al.
Heterodimeric JAK-STAT activation as a mechanism of persistence to
JAK2 inhibitor therapy. Nature. 2012;489(7414):155-9.

Gisslinger H, Schalling M, Gisslinger B, Skrabs C, Mllauer L, Kralovics

R. Restoration of response to ruxolitinib upon brief withdrawal in two
patients with myelofibrosis. Am J Hematol. 2014;89(3):344-6.
Kollmann K, Warsch W, Gonzalez-Arias C, Nice FL, Avezov E, Milburn

J, etal. A novel signalling screen demonstrates that CALR mutations
activate essential MAPK signalling and facilitate megakaryocyte dif-
ferentiation. Leukemia. 2017;31(4):934-44.

Zini R, Guglielmelli P, Pietra D, Rumi E, Rossi C, Rontauroli S, et al. CALR
mutational status identifies different disease subtypes of essential
thrombocythemia showing distinct expression profiles. Blood Cancer J.
2017;7(12):638.

Bartalucci N, Calabresi L, Balliu M, Martinelli S, Rossi MC, Villeval JL, et al.
Inhibitors of the PI3 K/mTOR pathway prevent STATS phosphorylation
in. Oncotarget. 2017;8(57):96710-24.

Guglielmelli P, Barosi G, Rambaldi A, Marchioli R, Masciulli A, Tozzi L,

et al. Safety and efficacy of everolimus, a mTOR inhibitor, as single

91

92.

93.

94,

95.

96.

97.

98.

99.

100.

105.

106.

109.

Page 150f 16

agent in a phase 1/2 study in patients with myelofibrosis. Blood.
2011;118(8):2069-76.

Kleppe M, Koche R, Zou L, van Galen P, Hill CE, Dong L, et al. Dual
targeting of oncogenic activation and inflammatory signaling increases
therapeutic efficacy in myeloproliferative neoplasms. Cancer Cell.
2018;33(1):29-43.

Dawson MA, Bannister AJ, Gottgens B, Foster SD, Bartke T, Green AR,

et al. JAK2 phosphorylates histone H3Y41 and excludes HP1alpha from
chromatin. Nature, 2009;461(7265):819-22.

Liu F, Zhao X, Perna F, Wang L, Koppikar P, Abdel-Wahab O, et al.
JAK2V617F-mediated phosphorylation of PRMT5 downregulates its
methyltransferase activity and promotes myeloproliferation. Cancer
Cell. 2011;19(2):283-94.

Peeken JC, Jutzi JS, Wehrle J, Koellerer C, Staehle HF, Becker H, et al.
Epigenetic regulation of NFE2 overexpression in myeloproliferative
neoplasms. Blood. 2018;131(18):2065-73.

Abstracts of the 58th Annual Scientific Meeting of the British Society for
Haematology, 16-18 April 2018, Liverpool, UK. Br J Haematol. 2018;181
Suppl 1:5-211.

Harrison CN, Kiladjian J-J, Heidel FH, Vannucchi AM, Passamonti F, Hayat
A, et al. Efficacy, safety, and confirmation of the recommended phase 2
starting dose of the combination of ruxolitinib (RUX) and panobinostat
(PAN) in patients (Pts) with myelofibrosis (MF). Blood. 2015;126(23):4060.
Jutzi JS, Kleppe M, Dias J, Staehle HF, Shank K, Teruya-Feldstein J, et al.
LSD1 Inhibition prolongs survival in mouse models of MPN by selec-
tively targeting the disease clone. Hemasphere. 2018;2:€94.

Horvath S. DNA methylation age of human tissues and cell types.
Genome Biol. 2013;14(10):R115.

Pérez C, Pascual M, Martin-Subero JI, Bellosillo B, Segura V, Delabesse

E, et al. Aberrant DNA methylation profile of chronic and transformed
classic Philadelphia-negative myeloproliferative neoplasms. Haemato-
logica. 2013;98(9):1414-20.

Weidner Cl, Lin Q, Koch CM, Eisele L, Beier F, Ziegler P, et al. Aging of
blood can be tracked by DNA methylation changes at just three CpG
sites. Genome Biol. 2014;15(2):R24.

Socoro-Yuste N, Coki¢ VP, Mondet J, Plo |, Mossuz P. Quantitative
proteome heterogeneity in myeloproliferative neoplasm sub-

types and association with JAK2 mutation status. Mol Cancer Res.
2017;15(7):852-61.

Plo I, Nakatake M, Malivert L, de Villartay JP, Giraudier S, Villeval JL, et al.
JAK2 stimulates homologous recombination and genetic instability:
potential implication in the heterogeneity of myeloproliferative disor-
ders. Blood. 2008;112(4):1402-12.

Chen E, Ahn JS, Massie CE, Clynes D, Godfrey AL, Li J, et al. JAK2V617F
promotes replication fork stalling with disease-restricted impair-

ment of the intra-S checkpoint response. Proc Natl Acad Sci USA.
2014;111(42):15190-5.

Marty C, Lacout C, Droin N, Le Couédic JP, RibragV, Solary E, et al. A role
for reactive oxygen species in JAK2 V617F myeloproliferative neoplasm
progression. Leukemia. 2013;27(11):2187-95.

Nieborowska-Skorska M, Maifrede S, Dasgupta Y, Sullivan K, Flis S,

Le BV, et al. Ruxolitinib-induced defects in DNA repair cause sen-
sitivity to PARP inhibitors in myeloproliferative neoplasms. Blood.
2017;130(26):2848-59.

Ahn JS, Li J, Chen E, Kent DG, Park HJ, Green AR. JAK2V617F mediates
resistance to DNA damage-induced apoptosis by modulating FOXO3A
localization and Bcl-xL deamidation. Oncogene. 2016;35(17):2235-46.
Nakatake M, Monte-Mor B, Debili N, Casadevall N, Ribrag V, Solary E,

et al. JAK2(V617F) negatively regulates p53 stabilization by enhancing
MDM?2 via La expression in myeloproliferative neoplasms. Oncogene.
2012;31(10):1323-33.

Mazzacurati L, Lambert QT, Pradhan A, Griner LN, Huszar D, Reuther
GW.The PIM inhibitor AZD1208 synergizes with ruxolitinib to induce
apoptosis of ruxolitinib sensitive and resistant JAK2-V617F-driven

cells and inhibit colony formation of primary MPN cells. Oncotarget.
2015;6(37):40141-57.

Tefferi A, Vaidya R, Caramazza D, Finke C, Lasho T, Pardanani A. Circulat-
ing interleukin (IL)-8, IL-2R, IL-12, and IL-15 levels are independently
prognostic in primary myelofibrosis: a comprehensive cytokine profil-
ing study. J Clin Oncol. 2011;29(10):1356-63.



Greenfield et al. J Trans! Med (2018) 16:360

110.

.

112.

113.

Barosi G, Massa M, Campanelli R, Fois G, Catarsi P, Viarengo G, et al.
Primary myelofibrosis: older age and high JAK2V617F allele burden
are associated with elevated plasma high-sensitivity C-reactive protein

levels and a phenotype of progressive disease. Leuk Res. 2017;60:18-23.

Kleppe M, Kwak M, Koppikar P, Riester M, Keller M, Bastian L, et al.
JAK-STAT pathway activation in malignant and nonmalignant cells
contributes to MPN pathogenesis and therapeutic response. Cancer
Discov. 2015;5(3):316-31.

Panteli KE, Hatzimichael EC, Bouranta PK, Katsaraki A, Seferiadis K, Steb-
bing J, et al. Serum interleukin (IL)-1, IL-2, sIL-2Ra, IL-6 and thrombopoi-
etin levels in patients with chronic myeloproliferative diseases. Br J
Haematol. 2005;130(5):709-15.

Barbui T, Carobbio A, Finazzi G, Vannucchi AM, Barosi G, Antonioli E,

et al. Inflammation and thrombosis in essential thrombocythemia and
polycythemia vera: different role of C-reactive protein and pentraxin 3.
Haematologica. 2011;96(2):315-8.

114.

118.

Page 16 of 16

Leiva O, Ng SK, Chitalia S, Balduini A, Matsuura S, Ravid K. The role

of the extracellular matrix in primary myelofibrosis. Blood Cancer J.
2017;7(2):e525.

Zeiser R, Burchert A, Lengerke C, Verbeek M, Maas-Bauer K, Metzelder
SK, et al. Ruxolitinib in corticosteroid-refractory graft-versus-host
disease after allogeneic stem cell transplantation: a multicenter survey.
Leukemia. 2015;29(10):2062-8.

Passamonti F, Maffioli M. The role of JAK2 inhibitors in MPNs 7 years
after approval. Blood. 2018;131(22):2426-35.

Berdeja J, Palandri F, Baer MR, Quick D, Kiladjian JJ, Martinelli G, et al.
Phase 2 study of gandotinib (LY2784544) in patients with myeloprolif-
erative neoplasms. Leuk Res. 2018;71:82-8.

Meyer SC, Keller MD, Chiu S, Koppikar P, Guryanova OA, Rapaport F,

et al. CHZ868, a type Il JAK2 inhibitor, reverses type | JAK inhibitor
persistence and demonstrates efficacy in myeloproliferative neoplasms.
Cancer Cell. 2015;28(1):15-28.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	The ruxolitinib effect: understanding how molecular pathogenesis and epigenetic dysregulation impact therapeutic efficacy in myeloproliferative neoplasms
	Abstract 
	Background
	Main text
	JAK inhibition in the clinic
	Genomic impacts on pathogenesis and JAK inhibition efficacy
	JAK2 V617F, CALR and MPL exon 10
	Co-operating Mutations and Clonal Evolution
	Cell signaling pathways
	Epigenetic dysregulation beyond genomic mutations and cell signaling pathways
	DNA damage
	Inflammation
	Future directions of therapy

	Conclusion
	Authors’ contributions
	References




